Aims: The encroachment of tree and shrub species in high mountains is an increasing worldwide phenomenon, which is expected to dramatically alter high-mountain ecosystems and their functioning. Moreover it indicates in some cases a reforestation process, which will result in important ecological and social benefits, including carbon sequestration and protection against landslides. We therefore examined the spatial 
patches result in grassland loss and reduce landscape heterogeneity, as well as floristic diversity. This will further affect ecosystem functions such as nutrient cycling and plant species composition, particularly in high-mountain regions (DeMarco, Mack, & Bret-Harte, 2011; Knapp et al., 2008; Sturm et al., 2001 ). However, high-mountain forests provide important ecosystem services, such as water regulation, carbon sequestration, soil conservation, different habitats and protection against avalanches and landslides (Fagre, 2009; Gret-Regamey, Brunner, & Kienast, 2012; Mina et al., 2017; Price et al., 2011) . They further offer beautiful scenery and places for recreation and thereby also contribute to touristic development (Schirpke, Timmermann, Tappeiner, & Tasser, 2016) , thus being of great importance for the rural population depending on them (Bebi, Kienast, & Schönenberger, 2001 ), wherefore encroachment of woody species is often described as an ambivalent process (Sitzia, Semenzato, & Trentanovi, 2010) .
As an example of shrub encroachment and reforestation processes, we aimed to quantitatively describe and model forest growth and shrub encroachment during the last decades in the Kazbegi region, Central Greater Caucasus, Georgia. Here, the timber line in the subalpine belt is formed of a crook-stemmed coppice forest dominated by the endemic Betula litwinowii (Dolukhanov, 1978; Nakhutsrishvili, 1999) . Together with Rhododendron caucasicum it also forms the tree line ecotone (Hughes, Johnson, Akhalkatsi, & Abdaladze, 2009; Nakhutsrishvili, 1999) . Remnants of B. litwinowii forests occur mainly on north-exposed slopes, which are characterized by high soil moisture and thick snow cover, which protect the trees from damagingly low temperatures during winter and frost-drought in early spring (Hughes et al., 2009; Nakhutsrishvili, 1999) .
However, these B. litwinowii forests were severely damaged during the Soviet period, mainly through cutting and overgrazing (Wiesmair, Feilhauer, Magiera, Otte, & Waldhardt, 2016) . Due to these processes, sub-alpine forests were largely repressed from the upper natural timber line and were replaced by semi-natural grassland (Dolukhanov, 1978; Tephnadze et al., 2014) . Consequently, the timber line of the Central Greater Caucasus has been lowered by up to 200 m (Dolukhanov, 1978) . Recent investigations in the Kazbegi district revealed that forest vegetation has been recovering as a result of natural reforestation (Togonidze & Akhalkatsi, 2015) . However, these were qualitative observations and no quantitative data were provided.
Mapping and quantifying the process of shrub encroachment and reforestation as indicators of agricultural land falling into disuse is a prerequisite for sustainable land-use planning. Remote sensing techniques, such as time series analysis and shrub cover modelling, offer valuable tools for this task, especially in the inaccessible terrain of the high mountain environment. Shrub encroachment is characterized by three main trends: an increase in shrub recruitment over time, growth of single shrubs and filling of gaps within stands, leading to denser canopy cover (Tape, Sturm, & Racine, 2006) . Mapping of discrete boundaries of shrub encroachment is thus difficult, especially in the forest-grassland ecotone, which is characterized by a gradual transition between forests with a closed canopy, loose stands of shrubs and open grasslands.
In many remote sensing studies shrub encroachment is assessed by analysing the Normalized Differenced Vegetation Index (NDVI) as proxy for shrub cover (Bunn & Goetz, 2006; Jia, Epstein, & Walker, 2003 Raynolds, Walker, & Maier, 2006) . Few studies model shrub cover directly from remotely sensed imagery, and a link to floristic composition and quantitative assessment of forest growth is often missing (Beck, Horning, Goetz, Loranty, & Tape, 2011) .
We thus employed a multi-methodological approach to analyse the floristic composition, quantify forest growth and model shrub cover.
We used multivariate methods of vegetation analysis to describe the floristic composition on a gradient of shrub cover, assess forest growth 
| METHODS

| Study region
The study region in the Kazbegi district is located in the Central Greater Caucasus in the valley of the Tergi River, which includes the main settlement Stepantsminda (1,850 m a.s.l.; see Figure 1 ). Climate is relatively harsh, with dry and cold winters, as well as cool summers.
Rain events occur mainly in the growing season and are smaller in winter. In total, the mean annual precipitation is 806 mm. The average annual temperature is of 4.9°C, where Jul is warmest (average temperature 14.3°C) and Jan is coldest, with an average temperature of −5.2°C (Lichtenegger, Bedoschwili, Hübl, & Scharfetter, 2006; Togonidze & Akhalkatsi, 2015) .
The region is characterized by very complex morphology, high elevations and steep slopes (Nakhutsrishvili, 1999) . The highest peak (5,047 m a.s.l.) in the study region is the ancient volcano Mount Kazbek (Ketskhoveli, Kharadze, Ivanishvili, & Gagnidze, 1975) .
The dominant bedrock of the study region is Jurassic sedimentary rock. Quaternary pyroclastic products and volcanic rocks (andesite and dacite), quaternary fluvial sediments, peat and Pleistocene glacial sediments also characterize the soil. On these materials Leptosols, Skeletic Regosols, Skeletic Cambisols and Umbrisols are the dominant soil types (Hanauer, Pohlenz, Kalandadze, Urushadze, & Felix-Henningsen, 2017 ).
The whole Caucasus is extremely rich in plant species: 6,350 native vascular plant species -of which 1,600 are endemic -have been recorded in its region (Nakhutsrishvili, 1999) . In the Kazbegi region alone, 203 of the 761 high-mountain species are endemic (Nakhutsrishvili, 2003) .
In the sub-alpine belt (1,800-1,900 to 2,400-2,500 m a.s.l.) shrub woods and crook-stem forests, mainly formed of B. litwinowi, and to a HANSEN Et Al.
lesser extent of Salix caprea and Sorbus caucasica, are very common on north-exposed slopes (Nakhutsrishvili, 1999; Togonidze & Akhalkatsi, 2015) . Additionally, sub-alpine grasslands and tall herbaceous vegetation, often used as meadows or pastures, occur (Tephnadze et al., 2014) . In the alpine belt (2,400-2,500 to 2,960-3,000 m a.s.l.) short alpine grassland, thickets of Rhododendron caucasicum, rock-scree vegetation and also carpet-like meadows dominate the vegetation (Nakhutsrishvili, 1999) .
| Vegetation data and environmental gradients
In order to obtain more information from B. litwinowii stands we At the first stage, the data were transformed into binary presence/absence to keep the operator error as low as possible. Next, a dissimilarity matrix of the vegetation relevés was calculated using the vegan package (v 2.4-0) with Bray-Curtis distances as dissimilarity metric (Bray & Curtis, 1957) . In order to differentiate vegetation types we calculated clusters based on the resulting distance matrix following the Ward method. The resulting cluster tree was visually inspected and pruned at the second level, resulting in four clusters. Table 3 ). Next, we computed and compared the forested areas of each year in ha. We excluded scenes that were covered by cloud in the 2005 image or did not exist in the 1987 pictures (Table 3 ) from any calculations and comparisons.
| Preparation of predictor variables and modelling of the tree and shrub cover
The satellite plot, the result was considered to be valid. Co-occurring woody species could be Salix spp., Sorbus caucasicus and Rhododendron caucasicum. We used a Random Forest regression model as implemented in the Random Forest package (v 4.6-10; Breiman, 2001 ). This nonparametric procedure is usually very robust against skewed data. The general process is described in Liaw and Wiener (2002) . First, every decision tree of the Random Forest is generated from the training data set via bootstrapping. Next, a random subsample is drawn from the prediction data set and tested for the best split at each node of every tree. Finally, new data are predicted through aggregating and averaging the votes for all trees. We executed the Random Forest model as regression with 2000 bootstrap iterations.
We assessed model fit using standard regression diagnostics: percentage of variance explained calculated from the error rate. Moreover, model validation was approached through calculating the R 2 and root mean-squared error (RMSE) of the observed tree and shrub cover from ground-truthing and the predicted values. The RMSE was calculated as (Eq. 1):
with y being the predicted coverage, ŷ being the observed cover and n being the number of predictions. Instead of using a subsample of the data set for validation, we decided to validate the model by groundtruthing. The tree and shrub cover (%) was categorized into five different classes. We set ten validation points randomly in each class, leading to a total of 50 validation points. The tree and shrub cover was estimated in a 10 m × 10 m plot between 11 Jul and 2 Aug 2015.
Coordinates were recorded with a Garmin GPSMAP 62s. Importance of the single variables was estimated by permutation of the out of bag cases and a subsequent comparison of the MSE out of bag (predicted values compared to the out of bag cases.
In the final map, areas with an elevation above 2,650 m a.s.l. were masked out from the final modelling process to limit the prediction map to areas that are covered by field sampling. The same was applied for clouds that appeared on the satellite image.
| RESULTS
| Vegetation analysis
The number of species per plot (25 m 2 , 100 m Kazbek, where the tree line vegetation is close to the mountain ridge.
| Temporal comparison of forest areas
The temporal changes in forested areas between 1987, 2005 and 2010 were considerable (Table 3) . Except for F5 and F7, which seem to have retreated −2% and −3%, respectively, the forested area in general showed an increase. In total, the area of F1 to F8 grew by approximately 111 ha between 1987 and 2010, which equals a 25% change.
Most of the additional area was gained between 2005 and 2010.
The digitized borders of the forested plots in 1987, 2005 and 2010 can be seen in Figs S1-S5 in Appendix S1. The pictures indicate that a major shift occurs at higher elevations.
| Modelling of tree and shrub cover
Modelling the tree and shrub cover with Random Forest regression, using multispectral imagery, vegetation indices and topographic
Journal of Vegetation Science Figure 3 ) and RMSE = 18.82%. The tree and shrub cover predicted by the model plotted against the cover observed in the field is displayed in Figure 3 . Absolute accuracy is presented as the 45° line.
The model shows a good approximation of the actual distribution of cover classes. Outliers that deviate remarkably from the ideal 45° line occur mainly in classes of medium tree and shrub cover ranging from 30% to 60%.
The main predictor variables of the random forest model assessed by the variable importance are Euclidean distance, the first four bands of the multispectral satellite image and the topographic-based variables elevation and solar radiation (Table 4) .
The tree and shrub cover predicted by the model shows that dense forests occur mostly on northeast-exposed slopes in the study region;
slopes with a southwest exposure comprise sites with lower cover values, up to a maximum of 50% (Figure 4) .
We compared the digitized forest borders and the modelled tree and shrub cover ( Figure 5 ). The model predicted sites with a dense tree and shrub cover of 75-90% very well. Tree and shrub cover <50% is projected around the forests, even reaching the 2,500 m contour line. Sites with cover of 10-25% are predicted in a wider range around the forests.
| DISCUSSION
| Vegetation and site conditions of B. litwinowii stands
The main aim of our study was to analyse the pattern of shrub encroachment and forest growth in the Kazbegi region, Central Greater Caucasus. with Rhododendron caucasicum at the high sub-alpine and the low alpine zone belong to the Vaccinio-Piceetea class (Bohn et al., 2003) .
Nevertheless, since the classification of B. litwinowii stands in the Kazbegi region is not entirely clear, and even Onipchenko (2002) states that the Senecio nemorensis-Betuletum litwinowii is "a derived association of unclear syntaxonomic position", we decided to follow the phytosociological framework defined by Bohn et al. (2003) .
In the literature B. litwinowii forests in the Kazbegi valley are reported to be restricted to north-exposed slopes (Hughes et al., 2009; Nakhutsrishvili, 1999; Togonidze & Akhalkatsi, 2015) . Surprisingly, the vegetation analysis as well as our field observations suggests that B. litwinowii also occurs on south-exposed slopes, growing either in furrows or on slopes with a flat surface. Previous studies have noted that a sufficient water supply and protection by snow cover that prevails in furrows are important drivers for B. litwinowii establishment (Hughes et al., 2009; Nakhutsrishvili, 1999) . Foster and King (1986) also found B. papyrifera occurring mostly on slopes with southern
Comparison of observed and predicted cover at the n = 50 validation points exposure that provided high soil moisture. Another factor found to be important for birch establishment in Scandinavia is the duration of the growing period (Hofgaard, Dalen, & Hytteborn, 2009 (Onipchenko, 2002; Hofgaard et al. (2009) state that the influence of grazing and trampling in the Scandic Mountains is significantly higher on south-exposed slopes. As this may also be applicable to the Greater Caucasus, it is possible that B. litwinowii forest vegetation has been repressed more strongly from south-exposed than from north-exposed slopes. Thus, it can be assumed that a further decline in land use may trigger encroachment of B. litwinowii also on south-exposed slopes.
| Assessment of shrub encroachment
Our digitization results revealed that most of the forested area in the To a certain extent this matches proposals of Togonidze (2015) , who found establishment of young B. litwinowii stands with tree heights of 4-6 m within 5-15 years after the fall of the USSR. The decrease in intensive sheep grazing in the Kazbegi region after the disintegration of the USSR was accompanied by declining population density, which could be the driver of this process (Togonidze & Akhalkatsi, 2015 (Bühlmann, Hiltbrunner, & Körner, 2014) . Comparable results were also found in the Swiss Alps, where the forest area has grown about 8% since 1993, also resulting from the overgrowth of former alpine pastures or unproductive vegetation sites (Brändli, 2010) .
The advance of shrubs into higher elevations results most likely from a decline in number of cattle and especially sheep during the last decades (Nakhutsrishvili, 1990) . The loss of these animals has been suggested as a crucial factor for less B. litwinowii vegetation and preventing the advance to higher elevations (Togonidze & Akhalkatsi, 2015) . During vegetation sampling, cattle were found grazing on lower F I G U R E 4 Predicted tree and shrub cover, divided into five classes, of the Kazbegi valley. Contour lines indicate the slope exposition at forest sites slopes, whereas sheep were observed grazing at very high elevations.
Since the number of sheep dropped more rapidly than the number of cattle (Didebulidze & Plachter, 2002) , encroachment is more likely to proceed at higher elevations. In addition, hay meadows or arable fields that are located further from settlements, including those at higher elevations, were the first to be abandoned in consequence of the decreasing agricultural activity (Waldhardt, Abdaladze, Otte, & Simmering, 2011) . Today, shrub encroachment into higher elevations, and in particular the advance of tree lines, is often related to climate change (Grace, Berninger, & Nagy, 2002; Holtmeier & Broll, 2007; Pauli et al., 2012; Subedi, 2009) . Indeed, rising air temperatures that have been recorded in the study area since the 1960s (Keller et al., 2013) and concomitant effects could have contributed to the increase in tree and shrub cover. However, the effects of land-use decline and climate change are probably interrelated and can hardly be unraveled in regions where the tree line is not solely climatically determined (Schickhoff et al., 2015) . Nevertheless, since the Kazbegi region has been under human influence for centuries, which has blurred and transformed the natural tree line, we assume that the ending of agricultural land use has a major influence in general and in particular on the upslope encroachment of B. litwinowii shrubs in the Kazbegi valley.
| Tree and shrub cover modelling
Our results of shrub cover modelling showed that the B. litwinowii cover of the Kazbegi valley could be modelled precisely using the Random Forest algorithm. Topographic-based predictor variables were derived from a 20 m × 20 m DEM to assess differences between the four vegetation types. Although the resolution of the DEM is rather coarse, especially in the high-mountain environment with its small-scale changes, we consider it sufficient since we did not evaluate differences between single relevés. The DEM has already been successfully employed in similar vegetation studies (Magiera, Feilhauer, Tephnadze, Waldhardt, & Otte, 2016; Magiera, Feilhauer, Waldhardt, Wiesmair, & Otte, 2017) . The variables of most importance during the modelling process reflect factors expected to influence the topographic distribution and structural differences between the vegetation types. Distance to parent trees is an important factor for the formation of new forest sites (Carrer, Soraruf, & Lingua, 2013) and is accordingly considered to be the most important factor for predicting tree and shrub cover. Since B. litwinowii shrub cover and forests occur mainly in the sub-alpine belt and this is a decisive gradient in high mountains (Körner, 2004) , elevation is considered an important predictor. Evans and Cushman (2009) also found elevation was a major predictor for occurrence modelling of conifer species in the Bonners Ferry Ranger District, USA. Moreover B. litwinowii is light-demanding (Hughes et al., 2009; Nakhutsrishvili, 1999) ; accordingly solar radiation has high relevance for the prediction. Different authors have delineated the restriction of B. litwinowii to north-exposed slopes (Hughes et al., 2009; Nakhutsrishvili, 1999; Togonidze & Akhalkatsi, 2015) , which suggests northness is a moderately strong gradient. Multispectral bands and indices provide information about vegetation properties due to different reflectance properties of different vegetation canopies (Barnes et al., 2000) . The spectral bands rated important predictors might thus be related to structural differences such as height of shrubs and trees as well as the distinct vegetation cover of different B. litwinowii encroachment stages. Accordingly, the modelled tree and shrub cover can be linked to the above-discussed vegetation types, since these show a clear gradient in tree and shrub cover, differences in vegeta- 
| CONCLUSIONS
We found a distinct and structurally defined floristic composition in the B. litwinowii shrub and forest that was closely related to site conditions, as well as tree and shrub cover. Moreover, there has been a substantial increase in forest and shrub growth in the Kazbegi region, which might have been triggered by reduced grazing pressure and climate change. Since further encroachment of shrubs is expected to greatly alter the high-mountain ecosystem, future studies that monitor shrub encroachment and forest regeneration and that capture the underlying drivers are thus urgently needed for sustainable land-use management.
